Abstract-Efficient control of systems based on automated guided vehicles requires accurate estimation of cost parameters such as speed, energy, task completion performance, et cetera. These parameters change along time, particularly in batteryoperated robots. This work addresses the problem of on-line cost parameter identification and estimation which will be beneficial for proper control decisions of the individual mobile robots and for the system as a whole. Several filtering and estimation methods have been investigated with respect to travelling times, as they are considered key cost parameters. Results show that these parameters depend on the robot, the route and the moment, so they are linked to a particular robot, a region of the floor and a time period (or to a battery level). In fact, differences with static, pre-runtime travelling time computations, either heuristically or by characterization of real robots, are large enough to affect system's performance and overall productivity and efficiency.
I. INTRODUCTION Flexible manufacturing plants, warehouses and logistic hubs depend on efficient, robust, adaptable and 'evolvable' internal transportation systems [8] built upon mobile robots (MRs) or Automatic Guided Vehicles (AGVs).
Multi-agent systems (MAS) have been extensively used over traditional approaches of supervisory control and data acquisition (SCADA) software systems to provide solutions to today's challenges. Still MAS-based SCADA has limitations due to the following reasons: 1) Most systems consider and estimate control parameters heuristically and do not consider updating them in time varying manner 2) Decisions for one MR (for individual tasks) or a group of MRs (for co-operative tasks) are taken independent of other MRs operating in same environment. However, in production environment involving multiple MRs, performance of one MR will always depend on other MRs' performance. The following example explains such a situation.
Let, in Fig 1, at time t 0 the optimal path for A 1 be P 1 when it has its full battery level and maximum speed. Let, at time 7 it has to again traverse P 1 . Now, it will take a much longer time to reach port G 1 because of having lower battery levels. Moreover, A 2 taking P 2 and can now have a collision with A 1 , as it is delayed. Thus at that reduced speed P 1 is not the optimal path because of the possibility of colliding with A 2 . However with correct estimation of current speed of AGVs the control decisions in above scenario can be improved as 1) A 1 with less battery (less speed) can be utilised for some other task at t 7 , and 2) communicating the status of A 1 to nearby agents e.g A 3 with more battery (higher speed) can be deployed to take P 3 to go to port G 1 . This will also avoid the possible collision with A 2 .
A. Cost Parameters
The above example shows that the controller needs to consider the current speed of individual MR as a control parameter in order to correctly take control decisions. In fact, any parameter that can affect the cost of an action plan, not only paths, but also for loading/unloading or any other material manipulation, has to be timely considered by the controller.
Presently, none of the reported works in the field of multirobot systems [1] , [3] , [4] , [6] , [10] have proposed any solution for estimation of such cost parameters, though some of these works used cost parameters for local robotic movements or considered some heuristic cost for system level decision making. However these parameters can be most useful for 978-1-5090-1314-2/16/$31.00 c 2016 IEEE cost effective system level decision control and hence these parameters need to be estimated at system level. Thus in this work we are not interested to find optimal path of AGVs or any other particular task rather to study and estimate these type of dynamic coefficients or parameters in general for making better control decisions. These cost parameters, like any other parameters of AGVs, are also influenced by the battery exhaustion, quality of the shop floor, wear and tear of mechanical parts, conditions of the object to be carried, unknown dynamic obstacle etc and thus tend to have different values at different time instance. Hence, the cost parameters (e.g. traversal time for each path in the above example) are continuously evolving. As these parameters are time varying in nature and can directly influence the overall cost of the current task (consequently the whole system), these can be modelled as cost parameters to the system, for example, AGV A 1 needs to be replaced by A 3 and this decision can not be taken at local robot level. We show that standard estimation methods can be effectively used for correct estimation of these cost parameters.
In summary, in this work: 1) we propose to estimate cost parameters involved in different AGVs at higher control decisionmaking level, where it is more useful for overall improvement of performance and 2) we find an efficient estimation method among the standard methods for these cost parameters.
The rest of the paper is arranged as follows. Similar research proposals are analysed in Section II, while some standard methods for estimating parameters are described in section III. A prototype transportation used for experiments and the experimental setup are described in Section IV. A section is devoted to the experimental verification of our proposal on how to efficiently estimate these cost parameters before concluding with a discussion and further scope.
II. BACKGROUND
Among all state-of-the-art works related to multi-robot systems in transportation and automated industry, most related to our work are the following ones.
In [7] , the authors have proposed to estimate model parameters of the dynamics of mobile robot, first of one robot and then of N robots of the system to arrive at a consensus. Only the time varying aspect of the model parameters is similar to our work. We are focused to estimate time-varying cost parameters from performance quality or capability of the mobile robots, like time to do a task, average speed, et cetera impacted by the different environmental factors and which determine the cost of doing task.
In [2] , the final goal of the work is to determine the minimum cost of performing a task through the graphed network of a system of mobile robots. Similarly, we are also determining the performing ability or quality considered as cost, but we identify the cost parameters of each AGV in the system to be useful for various decision and controlling purposes.
Though both the above works can be considered most relevant to the current work, these are not directly comparable as they used different time varying parameters differently. This is the first work to address this type of parameters.
III. APPROACHES FOR ESTIMATION OF PARAMETERS
For parameter estimation, the standard methods include least-square estimator approach [5] , least-square moving window method (LSMW) [11] , recursive least square (RLS) method [11] and Kalman filter (KF) [9] .
The work is focused on a single cost parameter type: travel times between nodes (for example, bifurcation point, loading/unloading ports), but that can easily be extended to energy consumption, other task times, and even much more different parameters such as quality measures. We deploy the naive and inexpensive LSMW method first to estimate variables on-line. We also deploy the RLS algorithm proposed in [11] with time-varying forgetting factor (equation 7) as it helps in accurate tracking. Thereafter, we deploy KF method to further enhance the accuracy.
In LSMW, the data set (X, Y ) of length L is such that,
where,
and W is the measurement noise. For our application, the set Y is our observed data and set X is the cost parameter variable to be estimated. Now, with a window size l ∈ N such that l < L, the number of estimations of θ will be L − l +1. The estimation is given by,θ
and Y 
In [11] , the authors suggested a RLS algorithm based on time varying forgetting factor, given in equation 7. After the least square method, the estimate obtained at time t iŝ
, the estimation of time t + 1 is calculated aŝ
where, λ is the forgetting factor and is described in equation 7.
∀i ∈ (1, 2, ..., n), ∀j ∈ (1, 2, .., m) , with k, α 1 , α 2 , α 3 tunable parameters,
The KF results from the recursive application of the prediction and the filtering cycle as given by the following equations:
where, x is the parameter to be estimated and y is the observation of x.x(k+1) is the new estimation for the variable x(k). Here, K(k) is the KF gain. x is the cost parameter variable to be estimated in our application.
IV. EXPERIMENTATION SETUP
We have replicated a transportation shop floor made of mobile robots and pathways in between with ports to load and unload. The in-house made robots emulate the transportation agents. The environment is constituted using boxes to build up pathways for the robots to navigate. Ports and bifurcation points in the shop floor like n 2 , n 3 and n 4 ( Fig. 2) are nodes, which are connected by arcs in the corresponding transportation network graph model.
Each AGV has its own stacked controller, which is identical in all AGVs. There are opportunities for inter-agent communication through the highest abstraction levels of controllers. Each of the AGVs in the platform are given to traverse a path in the environment as an example task. Each of the arcs for a path are associated with some cost in terms of energy exhaustion, dynamic obstacle probability, condition of the floor or load. The time to traverse an arc by a mobile robot is thus conceptualised as cost parameter for that robot as C(t, e, b, f, o), where t is for time, e battery state of charge, b is for tire condition, f is for frictional force of the floor, and o is for obstacle dependencies. Therefore, each of the robot will have different sets of C(t, e, b, f, o) parameters to be estimated like A 1 has 2 cost parameters for 2 arcs, namely C 7,9 (t, e, b, f, o) and C 9,12 (t, e, b, f, o) to go from n 7 to n 12 (same for AGVs A 2 and A 3 ).
In the first part of our experiment, the estimation method is applied to estimate one such cost parameter variable like C 7,9 (t, e, b, f, o) to validate whether the standard estimation methods, generally used for position or mechanical parameter estimation, actually work for time variable estimations of these cost parameters in order to predict the next values at the run-time. C 7,9 (t, e, b, f, o) is measured till the battery of the mobile robot drains out and the robot comes to complete halt.
In the second part of our experiment, we created a shop floor shown in Fig. 3 . There are several arcs from different ports (marked nodes n 1 to n 6 ) like the e 5,3 connects the port at n 5 and port at n 3 . We consider the traversal time of the 
V. RESULTS OF DEPLOYING ESTIMATION METHODS
We applied three parameter estimation methods to estimate one of the cost parameters. In all the plots of results, the dotted blue line shows the estimated values, the red line, close to zero, shows the mean error and the solid green line shows the observation. As evident from the comparison between real and estimation data waveforms in Fig. 4, Fig. 5 and Fig. 6 , the least estimation error is obtained by the Kalman filtering. In fact, the mean of the estimation error in this case is of the order of 10 −3 . All the computations done are enough short in time to be obtained in real time. Conclusively, Kalman filtering provides the best estimates for estimating the time-varying cost parameter where both the sharp rise and less variable zones are estimated well. These predictions are obtained on-line during the run-time of the multi-robot prototype system. Table I shows first the heuristics cost of traversing arcs e 5,3 , e 4,2 and e 6,1 , second the real cost of traversing, and third how the real estimated cost varies over a single factor like battery power. So, from the onset of functioning of the multirobot system, the costs of performing efficiently varies over the time and correct estimates of them needs to be utilised as it is evident from the comparison.
VI. CONCLUSION
The concept of cost parameters and the necessity of estimating them in the multi-robot system is formulated. Results showed that Kalman filtering provides the best method for estimating the proposed cost parameters, and that the heuristics cost differ from the cost parameter in reality when computed one time by 9% and when computed progressively by maximum 67%.
In the progress of our work, the cost parameters are to be considered in multiple task performing scenario, contrary to our current work, when all the assigned tasks for one AGV will be interleaved with one another. The nature of these cost parameters will change for each AGV. Therefore, this work paves the way for future cost estimations with interleaving tasks for a single and group of mobile robots for completing one or more tasks. Moreover, the real time values of these cost parameters are to be used and updated in the knowledge base of the system.
